The purpose of this review is to provide an update on the cardiac stem cell field with an emphasis on aging and to suggest some relevant strategies directed toward rejuvenation of the senescent heart.
INTRODUCTION
Aging is ineluctable and impacts upon every tissue and organ of the body. As we age, our body accumulates damage because of increased oxidative stress, mitochondrial dysfunction, genome instability, and telomeric dysfunction. Ultimately, accumulation of damage and shortening of telomeres lead to cellular senescence, which is defined as a state of irreversible growth arrest. Rejuvenation, the long-sought 'Holy grail' in the aging field, is defined as the reversal of the aging process to provide youthful properties to tissue and organ function to improve longevity. The contribution of stem cells to the rejuvenation process is beginning to emerge as a viable strategy to bring youthful properties to tissue and organs of the body. Stem cells are clonogenic cells capable of selfrenewal and multilineage differentiation [1] . These cells were long considered as a fountain of youth and were assumed to be equipped against any form of aging effect. However, it is now clear that stem cells suffer the consequences of aging as well. The discovery that cardiac stem cells reside in the heart has challenged the dogma that the myocardium is a postmitotic organ incapable of self-renewal, opening new possibilities and therapeutic options to patients suffering from heart failure. However, aging negatively impacts upon cardiac stem cell function.
Aged cardiac stem cells have decreased ability to selfrenew and to properly differentiate, leading to stem cell pool exhaustion [2] . Manipulating cardiac stem cells to improve their properties and rejuvenate them is the focus of intense research in our laboratory and we will discuss some of our recent studies as well as others with the goal to suggest relevant strategies to rejuvenate the senescent heart. prone to differentiate, leading to exhaustion of the compartment. Therefore, the niches control the physiologic turnover of cardiac stem cells, regulating the growth, migration, and commitment of the cells that leave the microenvironment [3] . Interestingly, Sanada et al. [4 & ] have shown that the niches are composed of hypoxic c-kit-positive cardiac progenitor cells (CPCs) and accumulate preferentially in the atria and apex of the left ventricle. They further demonstrated that hypoxic CPCs are unable to reenter the cell cycle and divide, so that normoxic CPCs are forced to undergo intense proliferation and differentiation, resulting in progressive telomere erosion, formation of senescent dysfunctional cardiomyocytes, and stem cell pool exhaustion. Therefore, the balance between hypoxic and normoxic CPCs is critical for the regulation of cardiac homeostasis and the preservation of the stem cell pool during the organ lifespan.
The environment surrounding the niches can influence cardiac stem cell properties and behavior as well. Stem cell behavior depends on their contact with other cells and on the release of paracrine factors from neighboring cells. Mounting evidence suggests that stem cell function is impaired with aging and that niche aging contributes to the agerelated decline in stem cell function. This is mediated in part by the senescence-associated secretory phenotype. Accumulation of senescent cells alters the microenvironment by secreting various inflammatory factors, thus altering stem cell function. For example, old myocytes nested in proximity to the cardiac stem cell niches may secrete a variety of inflammatory molecules and factors, such as interleukin-6, favoring senescence and apoptosis [5] . This illustrates how important environmental cues impact upon cardiac stem cell properties, whether they are coming from the niche or from released factors, and how an aged environment has the potential to negatively impact upon cardiac stem cell function.
ALTERED CARDIAC PROGENITOR CELL PROPERTIES UPON AGING
Myocardial aging is dictated by stem cell function and properties. According to Anversa and Leri [2] , aging effects on myocytes, smooth muscle cells, endothelial cells, and fibroblasts may be only an epiphenomenon dictated by cardiac stem cell aging. Therefore, any impairment in stem cell properties may disturb the structural integrity and function of the aged heart.
Proliferation
Human cells have a limited capacity to divide, also referred to as the Hayflick limit. Once cells reach this limit, they stop proliferating and become senescent. It is now clear that telomere shortening plays a key role in the senescent fate of the cell. Human CPCs (hCPCs) have telomeres of approximately 8-10 kilobase pairs. With each cell division, CPCs lose around 130 base pairs of telomeric DNA [3] . When hCPCs have reached their limit in population doublings, telomeres shorten to a critical length, growth arrest occurs, and senescence is acquired [6] . Therefore, because of progressive shortening of telomeres with age, proliferative capacity is significantly impaired in aged CPCs. Nevertheless, the possibility that a pool of hCPCs with intact telomeres in the senescent heart exists is not to be excluded [7] . This is of utmost importance when selecting cardiac stem cells for cell-based regenerative therapy.
Migration
Alterations in the migration of CPCs from the niche toward damaged areas have been observed upon cardiac aging. The family of Eph receptor tyrosine kinases and ephrin ligands play a critical role in the migration of stem cells. In their study, Goichberg et al. demonstrated that in senescent cells, the tyrosine kinase activity of the EphA2 receptor is inadequately activated. They showed that the accumulation of reactive oxygen species in aged CPCs induces modifications of the EphA2 receptor, which severely influences its function in CPC migration [8] . Loss of migratory ability of old CPCs affects their translocation within the heart, impairing cell turnover in the aging myocardium.
Self-renewal/differentiation
Stem cells can divide symmetrically or asymmetrically. Through symmetric division, stem cells repopulate and expand their numbers by giving rise to two self-renewing daughter cells. When under going asymmetric division, a stem cell generates one
KEY POINTS
Myocardial aging can be reversed at the stem cell level by improving their intrinsic properties and by optimizing their microenvironment.
Understanding cardiac stem cell behavior in the aging environment is necessary for the development of new strategies.
Strategies to consider include genetic engineering of hCPCs, delivery of next-generation stem cells such as CardioChimeras and CardioClusters, and rejuvenating the environment with systemic factors.
daughter stem cell and one daughter cell committed to differentiation. Asymmetric division is the predominant form of cardiac stem cell renewal, accounting for 65% of proliferating cells [3] . Upon aging, loss of CPC self-renewal through increased asymmetric division pushes the fate of stem cells toward lineage commitment, resulting in stem cell pool exhaustion. CPCs have the potential to differentiate into cardiac myocytes, smooth muscle cells, and endothelial cells. However, it is clear that, following significant damage and cell loss such as after myocardial infarction, CPCs are not efficient enough to regenerate the injured tissue. Perhaps one of the most memorable events in the cardiac stem cell field this past year comes from the debate involving two studies. Van Berlo et al. [9 && ] showed that endogenous c-kit-positive cells are capable of generating new cardiac myocytes, albeit at a functionally insignificant level. However, Ellison et al. [10 && ] previously demonstrated that endogenous c-kit-positive cells are necessary and sufficient for the regeneration and repair of myocardial damage. Many commentaries coming from both groups are referenced herein to provide the reader with a more thorough view on the controversy [11] [12] [13] [14] [15] [16] [17] . This ongoing debate suggests that it is not a settled issue yet and that a real consensus needs to be reached before clear conclusions can be drawn. Nevertheless, the common ground in all this controversy is that cardiac stem cells have indeed the potential to form new cardiac myocytes and that a collaborative effort has to be made to bring a significant change in this field.
TELOMERE SHORTENING AS AN INDICATOR OF AGING
As we age, shortening of telomeres occurs as a consequence of cell turnover to replace damaged cells. Telomeres consist of specialized DNA structures made up of tandem repeats located at the end of chromosomes. The main function of telomeres is to protect chromosomal ends from DNA damage and prevent chromosomal end-to-end fusion, degradation, and instability [18] . Because DNA polymerase does not replicate chromosomal ends completely, telomeres shorten with each round of cell division, and their diminished length has been used as an indicator of cellular senescence. Telomerase is a ribonucleoprotein with reverse transcriptase activity that preserves and restores telomere length and is found primarily in germline cells, cancer cells, and immortalized cell lines. Telomerase maintains telomere length by adding hexameric repeats to the telomeric ends of the chromosomes, thus compensating for the continued shortening of telomeres that would otherwise occur. However, even if telomerase is expressed and active in stem cells, it does not prevent telomere erosion. Thus, telomeres still get shorter with age and telomere shortening influences stem cell aging. Daughter cells inherit the shortened telomeres of the maternal cells. This means that cardiac stem cells displaying an old phenotype will form myocytes that will inherit the shortened telomeres of the maternal cells and will rapidly acquire the senescent cell phenotype.
STRATEGIES TO REJUVENATE THE SENESCENT HEART
With the current view that aging cannot be avoided, increasing mortality caused by heart failure is expected. Therefore, efficient strategies to rejuvenate an old heart need to be considered. Focusing on strategies that will circumvent deleterious effects on both the stem cell niches and stem cell properties is the most viable approach.
Genetically engineered human cardiac progenitor cells hCPCs derived from aged failing hearts display a senescent phenotype with shortened telomeres and limited proliferation capacity. Thus, a viable strategy to consider is enhancing CPC intrinsic properties to rejuvenate them in vitro. Our group has a legacy of work on Pim1 in the myocardium, a serine/threonine kinase with a pro-proliferative and antiapoptotic role. In a recent study, we demonstrated that Pim-1 modification of human adult CPCs reverses their senescent phenotype by increasing telomere length, improving growth kinetics, and delaying replicative senescence [19 & ]. Interestingly, we also observed that beneficial effects of Pim-1 overexpression in human adult CPCs depend on Pim-1 intracellular localization. In particular, we showed that overexpressing Pim-1 in the nuclear compartment reversed the senescent phenotype to a higher extent than overexpression of Pim-1 in mitochondria (Samse K, unpublished). Another recent study from Hariharan et al. [20] demonstrated that overexpression of nucleostemin in human adult CPCs antagonizes their senescence by decreasing the number of senescent and multinucleated cells, and by restoring a youthful cell morphology. Nucleostemin is a nucleolar protein activated downstream of Pim-1 and is known to regulate ribosomal biogenesis, proliferation and growth of stem cells [21] . Given their efficacy in antagonizing hCPC senescence, Pim-1 and nucleostemin constitute promising candidates for future interventional approaches stem cell microenvironment and properties, delivery of CardioClusters or CardioChimeras in an aged failing heart is considered as the next generation of stem cell therapy to rejuvenate the senescent heart.
Systemic growth factors
Emerging evidence indicates that a youthful environment enhances endogenous regeneration and that systemic factors have a significant impact upon tissue aging. Loffredo et al. [29 & ] identified the rejuvenating factor GDF11 and demonstrated that this systemic factor reverses age-related cardiac hypertrophy. They further showed that GDF11 was ineffective in preventing cardiac hypertrophy in the context of pressure overload, suggesting that the antihypertrophic effect of GDF11 may not apply to all forms of cardiac hypertrophy. The identification of rejuvenating growth factors such as GDF11 opens new avenues and therapeutic possibilities to reverse the effects of aging on the heart.
CONCLUSION
Initial studies testing stem cell-based therapy in young animals to treat an injured heart provided promising results showing improved heart structure and function. However, the benefits of autologous cell therapy are greatly dampened in the elderly, who constitute the target population for regenerative medicine. This is mainly because adult stem cell functionality decreases with age, thus impairing tissue regeneration. Rejuvenation of the senescent heart with strategies focusing on improving intrinsic properties of cardiac stem cells as well as the microenvironment surrounding cardiac stem cells constitutes the next step, bringing us closer to the ultimate goal of finding the 'Holy grail' in the treatment of the aging failing heart.
